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ABSTRACT
FLEXURE PROPERTIES OF 3D PRINTED NYLON CARBON FIBER COMPOSITE
& STIFFNESS OF 3D PRINTED MODIFIED CUTTLEFISH BONE STRUCTURE

SHASHIKANTH REDDY
2019

Flexure strength is one of the most widely used mechanical properties to represent the
mechanical behavior of the composite. Fiber reinforcements increase the flexure strength
of a composite. Specifically, there has been tremendous growth in the use of Carbon Fiber
(CF) in the manufacturing industry due to its significant contribution to enhance the
mechanical properties of a composite. Fiber orientation, void content, bonding between the
layers (delamination), and fiber distribution are some of the factors that affect the flexure
strength of a reinforced composite. The laminate (composite with reinforced layers)
composites, has been a focus of study by researchers from years. Laminate composites
possess good strength, which enhances the overall strength of the composite. The current
study focuses on 3d printed laminate composites. The Markforged Mark Two is capable of
printing continuous CF reinforced composites using nylon reinforced by continuous CF.
Material samples were created using the Markforged Mark Two and were flexure tested
using the MTS Insight testing machine. The experimental results were analyzed using a
MATLAB script. The results have shown that there is a significant effect on the flexure
properties of the composite, with variation in CF orientation and CF distribution. The
maximum Flexure Modulus was found to be 11.074 GPa in 0⁰ fiber-oriented specimen with
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3-3-layer proximity fiber distribution. The maximum Yield Strength and Ultimate Flexure
Strength were found to be 210.7 MPa and 210.7 MPa respectively, in the same specimen.
Experimental data was used to calculate the Stiffness of flexure specimens. Flexure
specimen with 0⁰-fiber orientation having 3-3 fiber-layer proximity has shown maximum
Stiffness of 119.64 N/mm among all other test specimens with 15º or alternating + 45º and
- 45º or 90º fiber orientation with different fiber distributions such as 2-2-2-layer proximity
or 1-1-1-1-1-1-layer proximity or 6-fiber layer proximity.
Sea creatures, crab shells, and spider webs are some of the species that inspire us to
examine their structures. Nature evolves to find methods of using fewer resources to
complete a task more efficiently. Therefore, it is important to study and understand nature
inspired structures.
One such nature inspired structure is the Cuttlefish bone. Cuttlefish bone is a special class
of ultra-lightweight, hard, brittle internal structure found in all members of the Sepiidae
family, commonly known as Cuttlefish. Cuttlefish live in ocean waters at hundreds of
meters of depth, with high water pressure. Thus, the Cuttlefish bone has evolved into a
cellular material that possesses unique mechanical and structural properties that allow the
Cuttlefish to survive in these conditions.
Scientists have studied various Cuttlefish bone internal structures to understand its
compressive strength, by making necessary assumptions and morphological changes in its
internal structure. In this research, a small portion of its internal structure called
Representative Volume Element (RVE) was modified and compression tested for its
stiffness studies. The Cuttlefish bone internal structure is a difficult structure to
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manufacture using traditional manufacturing techniques. However, additive manufacturing
(i.e., 3D Printing) can produce similar structures. A Markforged Mark Two printer was
employed to print the structure, which used nylon as a matrix material for continuous CF
reinforcements. The same structure was also printed using Poly Lactic Acid (PLA) for
stiffness studies. The RVE and modified RVE of Cuttlefish bone structure printed using
different materials were compression tested using the MTS Insight testing machine and the
results were compared. The results have shown that there is a significant difference
between the stiffness of RVE and the modified RVE of Cuttlefish bone structure.
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CHAPTER 1 - INTRODUCTION
1. 1 3D Printing
Engineering applications demand parts with unique properties that can withstand huge
loads/forces in working conditions. Manufacturing a product to meet these requirements is
a big challenge for engineers. Conventional methods are designed to manufacture a product
with given specifications for real-time applications. However, these are not cost-effective
and employ more time and energy. One manufacturing process that can replace the former
process is 3D printing. It has almost zero waste and turns all the feed material into a part.
Although, ‘3D printing’ is used as a general word for all Additive Manufacturing (AM)
processes, there are many other methods in it. Most of the 3D printing techniques print the
parts in successive layers. Based on the type of printing, they are classified into 5
categories: Material Extrusion, VAT Polymerization, Material Jetting, Binder Jetting, and
Powder Bed Fusion. These are broadly classified into seven types: Stereolithography
(SLA), Digital Light Processing (DLP), Fused Deposition Modeling (FDM), Selective
Laser Sintering (SLS), Selective Laser Melting (SLM), Electron-Beam Melting (EBM),
and Laminated Object Manufacturing (LOM). The current research employs FDM. FDM
is the most widely used process and uses thermoplastic filaments. This process is known
for its speed, accuracy, and cost. In this process, the filament is unwound from a spool and
fed into the extrusion nozzle where it is heated to its melting point before laying on the
build platform. The nozzle lays the extruded filament by moving across the build platform
in x and y coordinates. The filaments are printed and laid adjacent to each other such that
they form a thin layer. This layer is cooled immediately and sticks to the layer beneath it.
After the completion of each layer, the build platform moves down about 1/16th of an inch
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for the nozzle to print the next layer. Thus, the platform moves down after every layer,
until the final object is formed [1]. This technique is capable of printing large complex
parts. Some of the FDM printable materials include Acrylonitrile Butadiene Styrene
(ABS), Poly Lactic Acid (PLA), and nylon. FDM does not need post-processing of parts
and the printed parts are ready to use. In the current study, nylon with CF reinforcements
and PLA materials were used to print different test specimens.
1.2 Nature Inspired Materials
1.2.1 Cellular Materials
Nature has been inspiring humankind to invent new materials for ages by adapting nature’s
living forms’ structure or mechanism. Engineering applications demand materials with
outstanding properties. Nature’s species possess some unique features in their anatomy that
can be adapted in developing engineering materials to meet such demands. Hence, it is
vital to study and understand nature and its form. In the current generation, there is progress
in science and technology due to our ability to adapt nature and its form to solve real-time
problems [2]. Cellular structures possess good mechanical properties and have many
potential engineering applications due to their form and relative density. The relative
density is the ratio of the density rho, of the structure to the density of the solid part rho(s).
The relative density of different cellular structures varies from 0.001 to 0.3. Structures with
relative density above 0.3 are porous solids. Honeycomb, wood, foam, bone, cork, and bird
beak are some of the cellular structures.
The cellular structure has a repetitive part, which interconnects struts or plates. Each
repetitive part is a unit cell. This structure appears to be an array of individual cells
connected. Different cellular structures possess different mechanical properties based on
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their internal network of the unit cell. The orientation of connecting struts or plates plays a
vital role in providing mechanical strength to the structure. These cellular structures will
not only have a unique shape, low density, and good mechanical properties, but also the
ability to survive in extreme environmental conditions. They exhibit better performance
than that of synthetic materials. These excellent features inspire engineers to design
lightweight and stiff materials. Thus, it is essential to study and understand their
composition, internal structures, and properties. Erjavec (2011) studied the different
cellular materials of three-layered structures with different chemical composition and
observed that the elastic properties depend on the solid part and cell geometry. Erjavec
studied wood, honeycomb, trabecular bone, and the skeleton of glass sponge [2] and found
that the mechanical properties of cellular materials greatly depend on relative density (rho).
Relative density is the ratio of the density of cellular structure to the density of solid [3].
Cuttlefish bone is one of the cellular structures from the family of Sepiidae. It has an ultralightweight, hard, and brittle internal structure. Cuttlefish bone is a natural marine cellular
material; despite possessing some porosity in its structure, it has outstanding mechanical
properties like hardness and compressive strength [4]. The internal cross-section of this
bone has layers supported by pillar-like structures. This layer is called lamellae. The gap
between these layers is very small and of nano-size (10 raise to negative 9).
1.2.2 Biomimetics
In the1950’s, American scientist, biophysicist, and polymath, Otto Schmitt, developed the
concept of Biomimetics. In pursuing his Doctoral research, he developed the “Schmitt
trigger” by studying the nerves in squid and trying to engineer a device that replicated the
biological system of nerve propagation. In 1957, he renamed “Biomimicry” as
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“Biomimetics”. In the 1960s, Jack E. Steele termed Biomimicry as Bionics. The term
“Biomimicry” appeared in early 1982 and was popularized by scientist and author, Janine
Benyus, in the book “INNOVATION INSPIRED BY NATURE” in 1997. The word
Biomimicry was defined in the book as a “new science that studies nature’s models and
then imitates or takes inspiration from these designs and processes to solve human
problems” [5]. This adapting technique is called Biomimicry. “Bio means life; mimic
means copy”.
Biomimicry argues that nature is the most influential and guaranteed source of innovation
for designers because of 3.85 billion years of nature evolution. Nature has the experience
of solving the problems of the environment and its inhabitants [6]. The wing of the flight,
the blade of the windmill, the loop hook, the adhesives, the boat hull, the aerodynamic nose
of the bullet train and the drone blades are all some of the nature-inspired inventions. These
inventions use aspects from nature to solve problems. The adapted technique does not
resemble the exact features of nature (living species) but optimizes it to perform desired
functions. Thus, nature is a rich source of knowledge and is very essential to study and gain
a deeper understanding of this system.
1.3 Motivation
The addition of CF increases mechanical strength thereby decreasing the overall weight of
the material. CF possesses good mechanical properties such as tensile, compressive, and
flexure strength. Scientists and researchers are studying the mechanical properties of CF
because CF is used in various Engineering applications. The use of CF has widely grown
in both the automobile and aircraft industries. Thus, it is vital to study the effects of the use
of CF on the mechanical properties of a material. In this research, the effects of CF on the
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flexural properties of the nylon CF composite were studied. Conventional manufacturing
methods are often difficult and time-consuming. Manufacturing complex part with
conventional methods is very expensive and consume more energy. AM is a modern
technique which can overcome the drawbacks of conventional manufacturing methods. It
is more cost-effective and consumes less time and energy. AM can produce complex parts
and functional prototypes using 3D printable materials such as ABS, PLA, and PETG, etc.
It can also produce complex parts like the internal cross-section of the Cuttlefish bone
structure. Cellular materials have high permeability, porosity, strength, and thermal and
acoustic insulation. They also have good mechanical properties. A few characteristic
properties of these materials include strength to weight ratio and stiffness to weight ratio.
Cuttlefish bone is one such cellular material possessing good mechanical properties such
as hardness, brittleness, and good compressive strength. They can vary their density by
moving the liquid into or out of their cuttlefish bone; thus, varying the volume of gas
contained in the Cuttlefish bone [7]. The variation in the volume of gas explains the
presence of pores in the bone. This porous cellular material having good mechanical
properties motivates further investigation into its internal structure. The Cuttlefish bone
possesses good mechanical properties despite having high porosity, but the direct use of
Cuttlefish bone is not recommended in engineering applications due to its uncertainties in
mechanical properties because of the presence of variations in the periodicity of the internal
microstructure. However, modern technologies like 3D printing do exist to build the
Cuttlefish bone microstructure by the biomimicking technique.
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1.4 Literature Review
1.4.1 Flexure Properties
Naresh et al (2017) reported higher flexure strength and Flexure modulus for 0-degree
CFRP than 45 and 90-degree CFRP. They also reported higher failure strain in alternating
45-degree laminates [8]. Chandrashekar et al (2014) studied flexure strength for matrix
hybrid composite with dual reinforcements of CF and carbon nanotubes (CNT)
manufactured with the hand layup technique (HLU). They reported higher flexure strength
for the reinforcements in the longitudinal direction than that in the transverse direction.
They reported flexure strength of 17Gpa in the longitudinal direction and 16Gpa in the
transverse direction [9]. Tamilarasan et al (2015) studied the flexure properties of an
aluminum sandwich carbon fiber laminate and found good loadbearing capacity in the
specimens [10]. The specimens are made of bidirectional carbon fiber laminate and
aluminum sandwich plate (AA6061T3). They observed the same trend in different
specimens. The maximum flexure load among all specimens was 2.52KN. Ma et al (2017)
studied flexure properties and failure behavior of CF reinforced polyamide 6 (CF/nylon 6)
and CF reinforced epoxy resin (CF/Epoxy). They have studied the effect of fiber volume
fraction, void content, fiber distribution, interfacial properties, transverse tensile strength,
fracture toughness, and reported high flexure strength in 90-degree CF/Epoxy with uniform
fiber distribution compared to CF/nylon with similar volume fraction [11]. Klift (2017)
studied nylon CF reinforced composites with the fiber volume fraction of 14.5% and
reported flexure strength of 144Mpa [12]. Nuruzzaman et al (2018) studied flexure
properties of injection molded polypropylene-nylon 6-glass fiber polymer composites and
reported an increase in flexure strength with an increase in volume percentage of Glass
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fiber reinforcements. With 80%PP+14%PA6+6%GF composite, they reported 35.46 MPa,
which is 15% higher than the pure polymer [13]. Zhang et al (2012) studied flexure
properties of carbon fiber reinforced nylon 6 composite and reported higher flexure
strength with an increase in CF mass ratio [14]. Hindieh (2018) reported a reduction in
flexure properties of PLA reinforced with sand [15]. Banakar et al (2012) studied tensile
and flexure properties of CF reinforced epoxy resin composites and reported higher tensile
and flexure strength in 90-degree CF reinforced composites [16]. Sahoo et al (2012) studied
the flexure behavior of cross-ply laminated woven glass/epoxy (0/90)5 composite based
on the side to thickness ratio and modular ratio. They have concluded an increase in
deflection with an increase in, side to thickness ratio and a decrease in deflection with an
increase in the modular ratio [17]. Rajan et al (2015) studied tensile, flexural, and impact
properties of Palm fiber reinforced epoxy composites (PFRP) and compared with Sisal
fiber reinforced Polyester (SFRP) composites. They have reported higher strength with
increased fiber volume fraction and reported considerably higher tensile, flexure, and
impact strength in PFRP composites than SFRP composites [18].
1.4.2 Cuttlefish Bone Structure
Sherrard studied sections of 59 Cuttlebones from a geographically diverse sample of 11
species using confocal microscopy. He studied different strengths in Cuttlefish bones of
different habitat depths. He also proposed an increase in strength with an increase in
density, affecting Cuttlefish bone buoyancy function [19]. The Cuttlefish bone of S.
Officinalis containing only about 5% solids, can withstand a compressive strength of
1.5MPa allowing the Cuttlefish to dive in 150m water [20]. Gower and Vincent (1996)
studied three species of Cuttlefish, namely S. Officinalis, S. Orbignyana, and S. Elegans.
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They tested fresh and dried samples and found that the former showed more compressive
strength than the latter. The S. Officinalis live in a depth of less than 190m, and the S.
Orbignyana and S. Elegans live in depths up to 450m. They also found that the pillars are
randomly aligned and tightly packed in S. Orbignyana and they appear designed to carry
more compressive loads whereas, in the latter, pillars are regularly placed and strongly
aligned. They reported the failure of the latter samples with pressure corresponding to
depths of 200m implying the entry of fluid into the samples below 240m and bearing any
tension exerted by expanding gas [21]. Cadman et al (2012) studied the Cuttlefish bone
structure and the impact of morphological variations in the microstructure of cellular
material on effective mechanical properties. Cuttlefish bone presents a high ratio of
compressive stiffness to weight, which is a highly suitable mechanical feature in
engineering and biomedical applications. It is strong enough to bear hydrostatic pressures
up to habitation depths of 100 to 500 meters despite possessing a high porosity of around
90%. Such outstanding properties resulted in a probe of microstructure Cuttlefish bone
contributions to its mechanical performance [4]. They studied the critical importance of
pillar formation and the aspect ratio on the bulk modulus and shear modulus. An
uncertainty is reported in quantifying effective bulk modulus by considering possible
variations of RVE in a Cuttlefish bone, which reflects the large range of internal
microstructure possibly among different species, and in individual samples of different
locations. They concluded less effect on shear modulus with an increase in the number of
RVE.
Correa et al, at the University of Texas at Austin, studied the compression
behavior of negative stiffness of the honeycomb shape. It is comprised of alternating
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negative stiffness beams and compression of the original honeycomb structure, under the
same force, printed using nylon 11 and reported plastic deformation in the latter with more
absorption of energy. For a similar threshold force, negative stiffness honeycomb absorbed
2.5 to 3.5 J of energy whereas regular honeycomb absorbed approximately 9.7 J with
plastic deformation [22]. Ajdari et al studied the stiffness of original and hierarchical
honeycombs and reported up to 2.0 and 3.5-times greater stiffness of original honeycombs
in one order and two order hierarchy honeycombs respectively [23].
1.5 Thesis Objectives
The two main objectives in the current study include
1. The study of the effect of fiber orientation and fiber distribution on the flexure properties
of the nylon composite reinforced by continuous CF, using 3D printing.
2. To study and compare the stiffness of RVE and modified RVE of Cuttlefish bone
structure, using 3D printing.
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CHAPTER 2 - FLEXURE PROPERTIES OF NYLON CF COMPOSITE
2.1 Abstract
Flexure test specimens were printed using Markforged Mark Two 3D printer. The
specimens were tested using the three-point bending test. The results were analyzed using
MATLAB (MATLAB R2018b, The MathWorks, Inc., Natick, MA USA). Mechanical
properties such as Flexure Modulus, Yield Strength, and Ultimate Flexure Strength were
compared with their counterparts having the same fiber orientation and different fiber
distribution and vice versa. The maximum Flexure Modulus was found to be 11.074 GPa
in 0⁰ fiber-oriented specimens with 3-3-layer proximity fiber distribution. The maximum
Yield Strength and Ultimate Flexure Strength were found to be 210.7 MPa and 210.7 MPa
respectively, in the same specimen. Experimental data was used to calculate the Stiffness
of flexure specimens. Flexure specimen with 0⁰-fiber orientation having 3-3 fiber-layer
proximity has shown maximum Stiffness of 119.64 N/mm among all other test specimens.
2.2 Introduction
Markforged Mark Two printer is capable of printing continuous CF reinforcements in
nylon plastic material. In the current research, nylon was used as a matrix material for
printing flexure specimens with CF reinforcements. A sum of 16 specimens were printed
for the flexure testing. These specimens include four different fiber orientations namely,
0⁰, 15⁰, alternating -45⁰ and +45⁰, and 90⁰. For each different fiber orientated specimen,
four different specimens were printed with different fiber layer proximity namely, 6-fiber
layer, 3-3 fiber layer, 2-2-2 fiber layer, and 1-1-1-1-1-1 fiber layer proximity. The total
number of layers in the specimen are 26, which includes 20 matrix layers of nylon and 6
reinforcement layers of CF. The specimens were flexure tested using ASTM flex testing
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standards. The flexure test was repeated with a new duplicate set of each specimen along
with a new specimen type with different fiber orientation to better understand and interpret
the results. Flexure properties were analyzed, and the results were compared between
different specimens with different fiber orientations and fiber distribution.
2.3 Experimental Testing
2.3.1 Design and Fabrication of Model
The rectangular specimen of nylon CF reinforced composite was designed using
Computer-Aided Design (CAD) software, SolidWorks (SolidWorks 2018, Dassault
Systems, Waltham, MA USA). SolidWorks is a solid modeling CAD software. The
dimensions of the flexure test model are as per ASTM standards, shown in the SolidWorks
Figure 1.

Figure 1. SolidWorks drawing of the flexure test specimen
This model from SolidWorks was saved as a Standard Tessellation Language (STL) file.
The STL file was later imported to Eiger, the Markforged print software. Eiger is a
powerful and user-friendly software that allows the user to make necessary changes in the
file and customize it as per the requirements. Some of the Eiger features are listed below.
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•

This software does not initiate printing, with a fiber reinforcement layer and cannot
end printing a fiber layer. It only starts printing a matrix layer and ends printing a
matrix layer.

•

The layer thickness of fiber reinforcement is fixed.

•

The printing area should be at least a minimum value, and the printing does not take
place if it is less than the minimum area.

•

The fiber reinforcement must have at least a single layer of pure nylon (matrix
layer) around it. The top and bottom layer is called the ceiling layer and floor layer,
respectively. They should be at least 1 layer thick and can be a maximum of 10layer thickness. It is recommended to have a 4-layer thickness in both ceiling and
floor layers to get a waterproof sample with good surface finishing. The side layers
are called wall layers. The thickness of a wall layer is 0.4mm. The software allows
at least 1 wall layer and a maximum of 4 layers. It is recommended to have a
minimum of 2 wall layers.

•

The printing speed, temperature, and layer thickness are pre-determined in the
software and cannot be changed by the user.

•

The STL file can be seen in 2-dimensional and 3-dimensional views. The software
differentiates the matrix and the fiber with different colors. The matrix layers are
shown in white and the fiber layers are shown in blue.

•

Eiger enables the user to incorporate fiber layers anywhere in its thickness except
the wall and floor layers.

•

Eiger enables the user to select the type of fiberfill such as concentric or isotropic
fill. It will also allow the user to select the number of concentric fiber rings.
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Eiger software also has many other advanced setting options, which helps the user to print
a part with high accuracy. The STL file of the flexure test specimen is shown in Figure 2.
Figure 2 refers to the flexure specimen with 0⁰-fiber orientation.

Figure 2. Flexure testing CAD model in STL file format in Eiger software
To understand the terminology of different flexure specimens, Eiger files of 3D printed
models in STL format are discussed in detail below. Every flexure-testing specimen starts
with an angle and ends with a number. The angle represents CF layer orientation and the
number represents the CF layer distribution within the matrix. In this study, nylon
composites of four different CF angles and four different fiber distribution types were
printed. The specimen types are 0⁰, 15⁰, 45⁰, and 90⁰. All the composites printed for flexure
testing have 6 CF layer reinforcements in them. The first specimen type is 0⁰ and a
specimen belonging to this type is 0⁰-6, in which 0⁰ represents the CF angle at 0˚. The
number 6 represents six CF layers in the middle of the composite such that they are
overlapping each other. In type 0⁰ there are four specimens and the remaining three are 0⁰3-3, 0⁰-2-2-2, and 0⁰-1-1-1-1-1-1. The CF orientation in all those four specimens is 0˚ and
the extension 3-3, 2-2-2, and 1-1-1-1-1-1 represents the 6 CF layer proximity. Similarly,
four different specimens in type 15⁰, type 45⁰, and type 90⁰ are printed. Four specimens of
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each individual types are 15⁰-6, 15⁰-3-3, 15⁰-2-2-2, 15⁰-1-1-1-1-1-1, 45⁰-6, 45⁰-3-3, 45⁰-22-2, 45⁰-1-1-1-1-1-1, 90⁰-6, 90⁰-3-3, 90⁰-2-2-2, and 90⁰-1-1-1-1-1-1. The CF angles in type
15⁰, type 45⁰ and type 90⁰ are 15˚, alternating -45˚ and +45˚, and 90˚, respectively. The CF
orientation and layer proximity of each type of specimen are shown in Tables 1-4. Eiger
software was used to design the 16 test specimens. The white portion in figures represents
matrix material (nylon) and blue lines represent reinforcement layers (CF). The Eiger
specifications of various specimens are shown in Table 5.
Table 1. Flexure testing specimens type 0⁰
Specimen type CF layer angle

CF layer
proximity

0˚

6

0˚

3-3

0⁰-2-2-2

0˚

2-2-2

0⁰-1-1-1-1-1-1

0˚

1-1-1-1-1-1

0⁰-6

0⁰-3-3

Cross section
of CF layer

Side view of
specimen

Table 2. Flexure testing specimens type 15⁰
Specimen type

CF layer angle

CF layer
proximity

Cross section
of CF layer

Side view of
specimen

15

15⁰-6

15˚

6

15⁰-3-3

15˚

3-3

15⁰-2-2-2

15˚

2-2-2

15⁰-1-1-1-1-1-1

15˚

1-1-1-1-1-1

Table 3. Flexure testing specimens type 45⁰
Specimen type CF layer angle

CF layer
proximity

45⁰-6

Alternating
±45˚

6

45⁰-3-3

Alternating
±45˚

3-3

45⁰-2-2-2

Alternating
±45˚

2-2-2

45⁰-1-1-1-1-1-1

Alternating
±45˚

1-1-1-1-1-1

Cross section of
CF layer

Side view of
specimen

Cross section of
CF layer

Side view of
specimen

Table 4. Flexure testing specimens type 90⁰
Specimen type

CF layer
angle

CF layer
proximity

16

90⁰-6

90˚

6

90⁰-3-3

90˚

3-3

90⁰-2-2-2

90˚

2-2-2

90⁰-1-1-1-1-1-1

90˚

1-1-1-1-1-1

Table 5. Eiger STL file Specifications for flexure testing print specimens
Specimen

0⁰-6
0⁰-3-3
0⁰-2-2-2
0⁰-1-1-1-1-1-1
15⁰-6
15⁰-3-3
15⁰-2-2-2
15⁰-1-1-1-1-1-1
45⁰-6
45⁰-3-3
45⁰-2-2-2
45⁰-1-1-1-1-1-1
90⁰-6
90⁰-3-3
90⁰-2-2-2
90⁰-1-1-1-1-1-1

Total
nylon
layers
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20

CF layers

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

Nylon
volume
(cubic cm)
2.66
2.66
2.75
2.58
2.62
2.62
2.70
2.53
2.63
2.63
2.72
2.55
2.64
2.65
2.73
2.56

CF volume
(cubic cm)
0.43
0.43
0.43
0.43
0.41
0.41
0.41
0.41
0.41
0.41
0.41
0.41
0.42
0.42
0.42
0.42

Print
time
(min)
38
36
38
37
39
38
39
38
39
37
39
38
38
37
38
37

This file was imported to Markforged Mark Two 3D printer to print the specimen.
Markforged Mark Two is a unique desktop 3D printer. Mark Two is capable of printing
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unique parts with continuous CF reinforcements. The parts printed using this printer can
achieve high strength, stiffness, and durability. In addition to onyx, Mark Two can print
materials that no other 3D printer can print like CF, Fiberglass, and Kevlar. Mark Two
comes with Eiger software that enables the users to make necessary changes in the design
model (part to be printed). It also comes with a built-in touchscreen making it easy to
connect to the internet and manage the printer. Mark Two printers are precisely designed
with 10-micron accuracy, which allows users to pause a print, remove the bed, add
components, and continue printing in the same position [24]. Figure 3 shows the
Markforged Mark Two 3D printer.

Figure 3. Markforged Mark Two 3D printer
Markforged Mark Two 3D printer specifications are listed below
Build Volume: 320 mm x132 mm x 160 mm
Machine Dimensions: 575 x 325 x 360
Plastic Materials: Onyx, nylon
Fiber Materials: CF, Kevlar, Fiberglass, High strength high-temperature Fiberglass
Z layer Resolution: 100 microns
Total Weight: 13Kgs
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There are numerous materials available for use in engineering applications. They are
mainly classified into three types: Metals, Polymers, and Ceramics. In addition to these,
there is one more classification called Composites. Composites are formed by combining
two or more materials. Each of these classifications is further classified based on their
chemical composition or physical or mechanical properties. Composite materials are also
classified based on the type of combined material or their arrangement. Material selection
is made from a set of materials based on their usage and qualities that are appropriate for
an application. In this research, the focus is mainly on composite materials (Laminates).
The Composite material is built for special purpose applications. Their mechanical
properties are superior to their constituents. The two distinct phases of a composite are the
Matrix phase and the Dispersed phase. The matrix phase is the primary phase of having a
continuous character. This phase is usually ductile. Matrix holds a dispersed phase and
shares the applied load with it. The Dispersed phase is also known as the reinforcing phase,
which is embedded in the matrix in discontinuous or continuous form. It is stronger than
the matrix phase and therefore is called the reinforcing phase.
Some common materials such as metal alloys, doped ceramics, and polymers
mixed with additives also have traces of dispersed phase in their structures but are not
considered as composites since their properties are similar to those of base constituents.
Composites are classified into two systems based on matrix material and material structure
(reinforcement). Based on the matrix material, they are divided into three types: Metal
Matrix Composite (MMC), Ceramic Matrix Composite (CMP), and Polymer Matrix
Composite (PMC) [25]. MMC’s are composed of a metal matrix and a dispersed ceramic
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phase. CMC’s are composed of a ceramic matrix and embedded ceramic fibers of other
ceramic material in the dispersed phase. PMC’s are composed of thermoplastic or
thermoset matrix and embedded Glass or Carbon or Kevlar fibers in the dispersed phase.
Based on the type of reinforcement, they are further classified into different types:
Particulate composites, Fibrous composites, and Laminate composite. Particulate
composites consist of a matrix reinforced by the dispersed phase of particles. They are
further divided into two types including composites with random orientation of particles
and composites with preferred orientation of particles. Composites with random orientation
of particles consist of a matrix reinforced by the dispersed phase of particles in random
orientation. Whereas composites with preferred orientation of particles consist of a matrix
reinforced by the dispersed phase of particles in a specific orientation. Fibrous composites
are classified into two main groups, Short fiber-reinforced composites, and Long-fiber
reinforced composites. In Short fiber-reinforced composites, we have two groups namely
composites with random orientation of fibers and composites with preferred orientation of
fibers. The fibers are randomly oriented in the former type composites and fibers are
oriented in a specific direction in latter type composites. Long fiber-reinforced composites
consist of a matrix that is reinforced by continuous fibers. They are divided into two types:
Unidirectional orientation fibers and Bidirectional orientation of fibers. Laminate
composites (Laminates) are composed of a matrix reinforced by the dispersed phase of
several layers of fibers in different orientations (different angles). In the current study, the
focus is mainly on Laminate composites. The classification of composites is shown in
Figure 4.
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Composites

Based on Matrix Phase

Based on Dispersed phase

Metal Matrix Composite
Ceramic Matrix Composite
Polymer Matrix Composite

Particulate Composites

Random
Oriented

Fibrous Composites

Preferred
Oriented

Short fiber
Composites

Random
Oriented

Laminate Composite

Preferred
Oriented

Long fiber
Composites

Unidirectional

Bidirectional

Figure 4. Classification of composites

Acrylonitrile Butadiene Styrene (ABS), Thermoplastic Polyurethane (TPU), High Impact
Polystyrene (HIPS), Poly Lactic Acid (PLA), Polyethylene Terephthalate (PETG),
Acrylonitrile Styrene (ASA), Poly Vinyl Alcohol (PVA), Polypropylene, Polycarbonate,
Nylon, and CF are some of the well-known 3D printing materials [26]. Although there are
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many printing materials available, nylon, CF and PLA materials were used in this research.
PLA is a very low-cost material. PLA is a go-to material due to its ease of use and
dimensional accuracy [27]. Nylon is a tough and semi-flexible material. It offers high
impact and abrasion resistance. It is ideal for printing durable parts. CF is an ideal material
for many applications. Some of the unique features of CF include high strength to weight
ratio, rigidity, and good tensile strength and fatigue resistance.
Markforged has published data sheets of mechanical properties of matrix materials and
fiber reinforced nylon composites [28]. The mechanical properties of nylon and CF are
shown in Table 6 and Table 7.

Table 6. Mechanical properties of nylon
Property
Tensile Strength (MPa)
Tensile Modulus (GPa)
Tensile Strain at Break (%)
Flexural Strength (MPa)
Flexural Modulus (GPa)
Flexural Strain at Break (%)

Test standard
ASTM D638
ASTM D638
ASTM D638
ASTM D790
ASTM D790
ASTM D790

Nylon
54
0.94
260
32
0.84
N/A

Table 7. Mechanical properties of CF
Property
Tensile Strength (MPa)
Tensile Modulus (GPa)
Tensile Strain at Break (%)
Flexural Strength (MPa)
Flexural Modulus (GPa)
Flexural Strain at Break (%)
Compressive Strength (MPa)
Compressive Modulus (GPa)
Compressive Strain at Break (%)

Test standard
ASTM D3039
ASTM D30309
ASTM D3039
ASTM D790
ASTM D790
ASTM D790
ASTM D6641
ASTM D6641
ASTM D6641

CF
700
54
1.5
470
51
1.2
320
54
0.7
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The samples of flexure testing models were printed at room temperature. The extruder
temperature was 265 ˚C with print head velocity for nylon of 10mm/s.
3D printed flex models of rectangular composites made of nylon reinforced by continuous
CF are shown in Figures 5, 6, 7, and 8. They were later flex tested.

Figure 5. 3D printed flex testing specimens type 0⁰

Figure 6. 3D printed flex testing specimens type 15⁰
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Figure 7. 3D printed flex testing specimens type 45⁰

Figure 8. 3D printed flex testing specimens type 90⁰
2.3.2 Dimensions of 3D printed Specimens
To represent the flexure specimens using a shortened name, they are defined using a letter
and a number. The letter represents CF orientation and the number represents CF layer
proximity. The four letters used for the fiber orientation 0⁰, 15⁰ ±45⁰, and 90⁰ are A, E, C,
and B respectively. The layer proximities 6, 3-3, 2-2-2, and 1-1-1-1-1-1 are represented
using 1, 2, 3, and 4 respectively. The names of different flexure specimens are shown in
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Table 8. The thickness and width of the flexure specimens were measured using a digital
Mitutoyo Caliper (500-196-30) instrument. The dimensions are shown in Table 9.
Table 8. The terminology of flexure specimens
Specimen Type
0⁰-6
0⁰-3-3
0⁰-2-2-2
0⁰-1-1-1-1-1-1
15⁰-6
15⁰-3-3
15⁰-2-2-2
15⁰-1-1-1-1-1-1
45⁰-6
45⁰-3-3
45⁰-2-2-2
45⁰-1-1-1-1-1-1
90⁰-6
90⁰-3-3
90⁰-2-2-2
90⁰-1-1-1-1-1-1

Name
A1
A2
A3
A4
E1
E2
E3
E4
C1
C2
C3
C4
B1
B2
B3
B4

Table 9. Mitutoyo Caliper measurements of flexure testing specimens
Specimens
(Set-1)
A1
A2
A3
A4
B1
B2
B3
B4
C1
C2
C3
C4
E1
E2

Set-1
Width
Thickness
(mm)
(mm)
12.573
3.251
12.573
3.276
12.471
3.251
12.446
3.302
12.446
3.251
12.344
3.302
12.750
3.479
12.725
3.276
12.649
3.251
12.776
3.302
12.700
3.352
12.674
3.302
-

Width
(mm)
12.471
12.395
12.573
12.674
12.700
12.725
12.547
12.623
12.674
12.623
12.522
12.471
12.801
12.700

Set-2
Thickness
(mm)
3.327
3.251
3.581
3.352
3.479
3.556
3.454
3.429
3.327
3.302
3.327
3.302
3.302
3.530
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E3
E4

-

-

12.649
12.573

3.505
3.454

2.3.3 Mechanical Testing
Several specimens were flex tested with variable parameters in specimens such as CF
orientation and CF layer proximity, using the MTS machine (MTS Insight, MTS, Eden
Prairie, MN USA) as per ASTM D790 testing standards [29]. The specimens were printed
as per ASTM standard dimensions. The span length was 0.05m. The width of the specimen
was 1/4th of the length of the span. The span length is the distance between two vertical
supports, over which the test specimen was mounted. The bending load was applied
vertically on the center of the specimen, with the rate of deflection of 1.3mm/min. The
flexure test was conducted up to the failure of the specimen, or until the tip of the vertical
load reached, a specific point (samples no broken case). The test results such as load, time,
and deflection were recorded on the computer. The results were later used in MATLAB
simulations to calculate flexural properties. The MTS machine testing setup is shown in
Figure 9. 3-point bending image of flexure specimen is shown in the close view in Figure
10.
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Figure 9. Flexure testing arrangement
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Figure 10. 3-point flexure testing
The presence of different CF orientations and different CF layer proximities in flexure
testing specimens resulted in different stress-strain curves. Flexure testing was performed
with a new duplicate set of specimens later for the second time. A new specimen with CF
orientation of 15˚ was printed and flexure tested to understand the variation of flexure
properties concerning the change in fiber orientation. The raw data from the computer was
later used for MATLAB analysis. The deformed test specimens of both flexure testing are
shown in Figures 11 and 12.

Figure 11. Flexure tested specimen type A (extreme left 4), specimen type C (middle 4),
specimen type B (extreme right 4)
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Figure 12. Flexure tested specimen type A (extreme left 4), specimen type E (middle left
4), specimen type C (middle right 4), and specimen type B (extreme right 4)
2.4 Experimental Results and Discussions
Experimental raw data of test specimen was used in MATLAB analysis to calculate flexure
properties. A MATLAB code is shown in Appendix A. This code was used in analyzing
results. The bending theory equation was employed to calculate Flexure Modulus using
MATLAB. The equation is shown below. Curve fitting was used to estimate the Yield
Strength of the flexure specimen. Flexure Modulus, Yield Strength, and Ultimate Flexure
Strength (UFS) were calculated using MATLAB analysis.
𝜎
𝑌

=

𝑀
𝐼

(1)

𝜎 = Stress in N/m2
Y = Neutral axis distance in m
M = Bending moment in Nm
I = Moment of Inertia m4

𝜎

E=𝜀

(2)
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𝜀 = Strain, mm/mm
To estimate the flexure properties of flexure tested specimens, a bending theoretical
equation was used. The equations to calculate stress (𝜎), strain(𝜀), and stiffness (K) is
shown below.

Stress (𝜎) =

Strain(𝜀) =

3∗F∗Span
2∗W∗d2

in Pa

6∗Displacement∗d
Span2

(3)

in mm/mm

(4)

F= force applied on the flexure testing specimen in N
Span = L= distance between the two vertical supports in m
W= width of the specimen (distance between two ends)
d = thickness of specimen in m
Displacement = deflection of beam (specimen) from initial position in m
Stress (𝜎)

Flexure Modulus (E) = Young’s Modulus (E) = Strain (𝜀) in N/m2
deflection

mm

Strain(𝜀) = original length in mm
load

Stiffness (K) = deflectionin N/mm

(5)

(6)

(7)

30

2.4.1 Flexure Properties of Test Specimens
Flexure Testing-1
The results obtained from MATLAB were plotted in a graph between flexure properties
and type of specimen. The graphs plotted between various flexure properties and specimen
types are shown in Figures 13, 14, and 15, and the results are shown in Table 10.
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Figure 13. Flexure Modulus of flexure tested specimens.
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Figure 14. Yield Strength of flexure tested specimens.
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Figure 15. Ultimate Flexure Strength of flexure tested specimens.
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Table 10. MATLAB results of flexure tested specimens

Specimen
A1
A2
A3
A4
C1
C2
C3
C4
B1
B2
B3
B4

Yield
Strength
(MPa)
57.208
194.995
140.615
135.402
24.988
43.573
34.409
31.103
24.306
29.712
26.780
26.146

Ultimate
Flexure Strength
(MPa)
82.696
212.215
180.239
153.571
57.631
101.756
66.471
58.823
51.327
64.637
62.419
58.982

Flexure
Modulus (GPa)
1.459
10.277
7.127
5.720
0.775
2.011
1.361
1.191
0.750
1.360
1.098
1.041

From the previous Figures 13, 14, and 15, and results in Table 10, it is clear that 0⁰
specimens have exhibited the highest flexure strength. In all the flexure specimens, the
specimens with 0⁰ have shown considerably higher flexure strength. The flexure strength
decreased with an increase in the fiber orientation from 0⁰ to 90⁰. Thus, with an increase in
fiber orientation, the flexure strength can be seen decreasing between any specimen and its
counterpart in any column in Table 10, from specimen A through specimen B. The fiber
distribution has a significant effect on the flexure properties. The 3-3 fiber layer proximity
has shown maximum flexure strength over other layer proximities. This indicates that an
increase in fiber distribution increases the flexure strength of the specimen. But the flexure
strength decreased by increasing the fiber distribution from 3-3-layer proximity to 2-2-2layer proximity to 1-1-1-1-1-1-layer proximity. This decrease was observed due to a
decrease in the thickness of fiber layers overlapping each other in each group. The flexure
strength of the specimen having 3-3 fiber layer proximity with any fiber orientation is
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greater than the flexure strength of 6-fiber layer proximity. This indicates that an increase
in fiber distribution increases the flexure strength of the composite. The decrease in flexure
strength by further increasing fiber distribution would be, due to the reduction in the
number of fiber layers overlapping each other.
Flexure Testing-2
Flexure test was repeated for the second time with a new duplicate set of each specimen,
however, a new type of specimen (E), with 15˚ CF orientation was tested to better
understand the effect of CF orientation on flexure properties of the composite. Flexure
properties such as Flexure Modulus, Yield Strength and Ultimate Flexure Strength were
calculated. Similar to the analysis of the first experimental testing results, the results were
plotted in a graph between flexure property and specimen type. The graphs of different
flexure properties are shown in Figures 16, 17, and 18. The results obtained are shown in
Table 11.
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Figure 16. Flexure Modulus of flexure tested specimens.
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Figure 17. Yield Strength of flexure tested specimens.
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Figure 18. Ultimate Flexure Strength of flexure tested specimens.
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Table 11. MATLAB results of flexure tested specimens
Specimen
A1
A2
A3
A4
E1
E2
E3
E4
C1
C2
C3
C4
B1
B2
B3
B4

Yield Strength
(MPa)
48.972
210.7
119.011
114.448
39.758
126.114
94.405
89.986
26.119
41.288
34.762
25.664
16.846
28.044
24.447
23.122

Ultimate Flexure
Strength (MPa)
100.511
210.7
145.131
116.613
66.075
126.114
102.171
108.139
38.400
91.218
60.722
47.605
30.004
43.388
43.471
40.632

Flexure Modulus
(GPa)
1.300
11.074
5.084
4.230
1.098
5.498
3.594
3.208
0.740
1.871
1.482
1.129
0.616
1.220
1.175
0.945

From Figures 16 to 18, and data in Table 11, a similar trend can be observed, as in flexure
testing -1 results. Some of the results are approximately close in magnitude. However, the
slight variation in the dimensions of the specimen resulted in increment or decrement of
the magnitude of the flexure properties of testing-2 specimens. Specimen E, with 15⁰-fiber
orientation, exhibited higher flexure strength than the specimen with alternating -45⁰ and
+45⁰ or 90⁰-fiber orientation. The flexure specimen with 0⁰-fiber orientation with fiber
distribution of 3-3-layer proximity exhibited the highest flexure strength. Thus, it can be
stated that the increase in the orientation of fiber reinforcement layers decreases the flexure
strength. The increase in uniform fiber distribution increases the flexure strength. From
both the test results, it can be interpreted that, although there is an increase in fiber
distribution from 6-layer proximity to 1-1-1-1-1-1-layer proximity, the reduction in the
thickness of fiber layers overlapping each other, resulted in a decrease in flexure strength.
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2.4.2 Stiffness of Test Specimens
Flexure Testing-1
Load and deflection values were used from the test results to calculate the stiffness of
flexure specimens. A graph plotted between deflection and specimen type, and stiffness
and specimen type are shown in Figures 19 and 20. The results from the test were analyzed
using Microsoft Excel. The deflection and stiffness results are shown in Table 12. The
deflection values of each specimen were plotted at a load of 50N since some of the
specimens exhibited more flexibility at lower loads and could not take high loads resisting
the deflection. Using the load and deflection values, the specimen stiffness was calculated.
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Figure 19. Deflection of flexure tested specimens
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Figure 20. Stiffness of flexure tested specimens

Table 12. Experimental test results of deflection and stiffness of flexure specimens
Specimen
type
A1
A2
A3
A4
C1
C2
C3
C4
B1
B2
B3
B4

Load
in N
50.33
50.752
50.667
50.082
50.015
50.293
50.075
50.100
50.03
50.184
50.202
50.207

Deflection in
mm
2.479
0.434
0.641
0.745
5.061
1.733
2.496
3.05
5.442
2.894
2.808
3.709

Stiffness in
N/mm
20.30
116.94
79.04
67.22
9.88
29.02
20.06
16.42
9.19
17.34
17.87
13.53
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Specimens with 0° exhibited more resistance to bending undergoing less deflection. The
increase in fiber orientation increased the deflection of the specimen (bending) for a given
load.
Flexure Testing-2
The deflection and stiffness graphs plotted between different specimens are shown in
Figures 21 and 22. The results obtained have a good correlation with the former test results,
which are shown in Table 13.
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Figure 21. Deflection of flexure tested specimens
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Figure 22. Stiffness of flexure tested specimens

Table 13. Experimental test results of deflection and stiffness of flexure specimens
Specimen
type
A1
A2
A3
A4
E1
E2
E3
E4
C1
C2
C3
C4
B1
B2
B3
B4

Load in
N
50.266
51.805
50.298
50.698
50.164
50.339
50.065
50.252
50.124
50.11
50.051
50.112
50.003
50.057
50.069
50.128

Deflection in
mm
2.635
0.433
0.711
0.883
3.173
0.567
0.833
0.936
4.957
1.941
2.548
3.64
5.703
2.461
2.982
3.639

Stiffness in
N/mm
19.07
119.64
70.74
57.41
15.80
88.78
60.10
53.68
10.11
25.81
19.64
13.76
8.76
20.34
16.79
13.77
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From Figures 19 to 22 and data in Tables 12 and 13, a similar trend can be observed.
However, the slight variation in the dimensions of the specimen resulted in increment or
decrement of the magnitude of the deflection and stiffness values. The specimen E, with
15⁰-fiber orientation, exhibited less deflection than the specimen with alternating -45⁰ and
+45⁰ or 90⁰-fiber orientation. The flexure specimen with 0⁰-fiber orientation with fiber
distribution of 3-3-layer proximity exhibited considerably less deflection of 0.433 mm at
51.805 N, resulting in a maximum stiffness of 119.64 N/mm.
2.4.3 Conclusions
Thus, it can be stated that the increase in the orientation of fiber reinforcement layers
increases the deflection (bending). The increase in uniform fiber distribution increases the
stiffness and reduces the deflection of the specimen under 3-point bending. From both the
test results, it can be interpreted that, although there is an increase in fiber distribution from
6-layer proximity to 1-1-1-1-1-1-layer proximity, the increase in deflection and decrease
in stiffness is due to the reduction in the thickness of fiber layers overlapping each other.
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CHAPTER 3 - STIFFNESS OF MODIFIED CUTTLEFISH BONE STRUCTURE
3.1 Abstract
Cellular materials possess good mechanical strength to weight ratios. Cuttlefish bone
structure is a cellular material possessing good compressive strength. Markforged Mark
Two is capable of printing complex geometries with continuous fiber reinforcements. The
RVE and modified RVE of Cuttlefish bone structure were printed in the form of a unit cell
and 3x3 pattern to study and compare their stiffness. These structures were printed using
nylon composite reinforced by continuous CF. A new set of the same structures with
duplicates were printed using PLA. Markforged Mark Two 3D printer was employed to
print the structures using nylon CF composite, whereas PLA structures were printed using
a Creality Ender 3, 3D printer. All the samples printed using PLA have the same
specifications such as type of infill, no. of floor and ceiling layers, and no. of wall layers.
The SolidWorks STL file was customized in Cura (Cura 3.1.0, David Braam, Ultimaker,
Free Software License LGPLv3) software. This file was loaded on to the printer. The
structures were compression tested using the MTS Insight machine as per ASTM standards.
The experimental results from the test machine such as load and displacement were
analyzed to calculate stiffness. The stiffness results were compared between the unit cell
of RVE and modified RVE and 3x3 pattern of RVE and modified RVE. At a certain load,
the 3x3 pattern of the modified RVE of Cuttlefish bone structure exhibited more stiffness
than the 3x3 pattern of RVE of Cuttlefish bone structure. However, the stiffness results of
unit cells show that the RVE is stiffer than the modified RVE. The same trend was observed
in the load vs displacement plots of PLA structures of RVE and modified RVE.
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3.2 Introduction
Cuttlefish bone internal microstructure has a repetitive unit cell called RVE. RVE reflects
the wide range of internal microstructure possibly among different species, and in the
individual sample of different locations [4]. The RVE is modified to study its stiffness.
Both the RVE and modified RVE structures were printed in the form of a unit cell and a
3x3 pattern. Four different specimens were printed using nylon composite reinforced by
continuous CF, using Markforged Mark Two 3D printer. The four structures constitute a
unit cell of RVE, a unit cell of modified RVE, a 3x3 pattern of RVE, and a 3x3 pattern of
modified RVE of Cuttlefish bone structure. A new set of these structures including twounit cells and two 3x3 patterns were printed using PLA material on a Creality Ender 3, 3D
printer. Each of these structures was printed in duplicates to better understand the
compression results. The structures were compression tested at a deflection rate of
1.3mm/min similar to that of flex testing. Two rectangular plates were used in compression
testing, clamped between the wedges. The specimen was compressed between two parallel
rectangular plates. The load and displacement results from the test machine were used to
plot graphs of different structures.
3.3 Experimental Testing
3.3.1 Design and Fabrication of Model
The unit cell and 3x3 pattern of RVE and modified RVE of Cuttlefish bone structure were
designed using SolidWorks (SolidWorks 2018, Dassault Systems, Waltham, MA USA).
The unit cells and 3x3 patterns were printed with the same length, width and thickness to
compare their stiffness. The support length was also printed with the same dimensions,
except the modified portion. The dimensions of the unit cell of RVE and modified RVE
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are shown in the SolidWorks Figures 23 and 24. 3x3 patterns were created using unit cell
files of SolidWorks.

Figure 23. The unit cell of RVE of Cuttlefish bone structure (scale 1.2)

Figure 24. The unit cell of modified RVE of Cuttlefish bone structure (scale 1.2)
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SolidWorks files were saved as STL files, which were later imported to Eiger software.
Nylon material was used to print the specimens with CF reinforcements using Markforged
Mark Two 3D printer. Nylon was printed using isotropic fill and CF reinforcements were
printed in concentric rings. The blue lines in the Eiger files indicate CF reinforcements.
The white outline and black zigzag lines inside the structure indicate the nylon material.
The images of Eiger files of the unit cell and 3x3 pattern are shown in Figures 25, 26, 27,
and 28. The specifications of the Eiger files of the unit cell and 3x3 pattern are shown in
Table 14.

Figure 25. The unit cell of RVE of Cuttlefish bone structure in the STL file
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Figure 26. The unit cell of modified RVE of Cuttlefish bone structure in the STL file

Figure 27. 3x3 pattern of RVE of Cuttlefish bone structure in the STL file
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Figure 28. 3x3 pattern of modified RVE of Cuttlefish bone structure in the STL file

Table 14. Specifications of STL Eiger files for compression test print specimens
Specimen

Modified
RVE unit
cell
RVE unit
cell
Modified
RVE 3x3

RVE 3x3

CF
layers

33-56

33-56

5-16,
81-92

5-16,
81-92

Fill
No. of No. of
CF
CF
Matrix
pattern/
roof
wall concentric volume volume
fiber fill
&
layers
rings
(cubic (cubic
type/
floor
cm)
cm)
angle
layers
solid fill,
concentric
4
2
1
0.34
5.56
fiber
solid fill,
concentric
4
2
1
0.36
5.63
fiber
solid fill,
isotropic
4
2
2
6.21
50.98
fiber fill,
90˚
solid fill,
isotropic
4
2
2
5.70
52.77
fiber fill,
90˚
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The Eiger file was used to print the structures using Markforged Mark Two printer using
nylon CF composite. PLA material was used to print a new set of these structures with
duplicates of each, using Creality Ender 3, 3D printer [30], which is shown in Figure 29.
However, the aim of printing the structures with new material was to study and compare
the stiffness of RVE and modified RVE of Cuttlefish bone structure. The nylon CF
composite samples were printed at room temperature with an extruder temperature of 265
⁰C with print head velocity for nylon of 10mm/s.

Figure 29. Creality Ender 3, 3D printer

Creality Ender 3 3D Printer Specifications are listed below [31].
Modeling Technology: FDM
Printing Size: 220*220*250 mm
Machine Size: 440*410*465 mm
Filament Size: 1.75 mm
Layer Thickness: 0.1-0.4 mm
Nozzle Diameter: 0.4 mm
Precision: ±0.1 mm
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File Format: STL, OBJ, G-Code
Maximum Nozzle Temperature: 255°C
Maximum Hotbed Temperature: 110°C

3D printed nylon CF composite specimens of Cuttlefish bone structure are shown in
Figures 30, 31 and 32. The PLA structures are shown in Figures 33, 34, 35, and 36.

Figure 30. 3D printed, the unit cell of RVE (left) and modified unit cell of RVE (right) of
Cuttlefish bone structure using nylon CF composite
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Figure 31. 3D printed, 3x3 pattern of RVE of Cuttlefish bone structure using nylon CF
composite

Figure 32. 3D printed, 3x3 pattern of modified RVE of Cuttlefish bone structure using
nylon CF composite
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Figure 33. 3D printed, the unit cell of RVE (left) and modified unit cell of RVE (right) of
Cuttlefish bone structure using PLA

Figure 34. 3D printed, a duplicate set of the unit cell of RVE (left) and modified unit cell
of RVE (right) of Cuttlefish bone structure using PLA
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Figure 35. 3D printed, 3x3 pattern of RVE (left) and 3x3 pattern of modified RVE (right)
of Cuttlefish bone structure using PLA

Figure 36. 3D printed, a duplicate set of 3x3 pattern of RVE (left) and 3x3 pattern of
modified RVE (right) of Cuttlefish bone structure using PLA
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3.3.2 Dimensions of 3D printed Specimens
The length and width of the compression test specimens were measured using a digital
Mitutoyo Caliper (500-196-30) instrument. The dimensions of various test specimens are
shown in Table 15 and Table 16.
Table 15. Mitutoyo Caliper measurements of nylon CF compression test specimens
Specimen
Unit cell of RVE
Unit cell of
Modified RVE
3x3 pattern of RVE
3x3 pattern of
modified RVE

Length Width
(mm) (mm)

Thickness
(mm)

37.98

38.3

11.2

38.2

38.3

11.2

125

125

12.25

125.4

125.3

12.25

Table 16. Mitutoyo Caliper measurements of PLA compression test specimens
Specimen
Unit cell of RVE-1
Unit cell of RVE-2
Unit cell of Modified
RVE-1
Unit cell of Modified
RVE-2
3x3 pattern of RVE -1
3x3 pattern of RVE -2
3x3 pattern of
modified RVE -1
3x3 pattern of
modified RVE -2

Length
(mm)
41.65
41.67

Width
(mm)
41.68
41.56

Thickness
(mm)
12.13
12.05

41.61

41.58

12.17

41.75
125.16
125.14

41.84
125.07
124.92

12.15
11.75
11.8

124.95

125.05

11.8

125.12

125

11.85
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The unit cells of nylon CF composite were printed with a scaling of 1.1 times of original
dimensions of SolidWorks file, whereas all other nylon CF specimens and PLA specimens
were printed with a scaling of 1.2 times of original dimensions. However, the specimens
were printed with the same dimensions of their counterparts to compare their stiffness
results.
3.3.3 Mechanical Testing
The RVE structures of the unit cell and 3x3 pattern printed using nylon CF composite and
PLA were compression tested at the deflection rate of 1.3mm/min, using the MTS Insight
test machine (MTS Insight, MTS, Eden Prairie, MN USA). Samples were tested until the
load vs displacement curve just started to bend. During compression testing, 3x3 patterns
printed with nylon CF composite started to buckle at higher loads (1000N) due to the
flexible nature of nylon. The addition of CF reinforcements to nylon, added only a little
stiffness to the composite in load axis, since only a few layers were reinforced in the
structure, whereas PLA samples were stable due to the stiffness of the material.
Load and displacement from the test results were analyzed to study and compare the
stiffness of different structures. The compression test of different structures is shown in
Figure 37 through Figure 44. The samples were compression tested up to their elastic point.
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Figure 37. Compression test of the unit cell of RVE of nylon CF composite
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Figure 38. Compression test of the unit cell of modified RVE of nylon CF composite

Figure 39. Compression test of 3x3 pattern of RVE of nylon CF composite
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Figure 40. Compression test of 3x3 pattern of modified RVE of nylon CF composite

Figure 41. Compression test of the unit cell of RVE of PLA
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Figure 42. Compression test of the unit cell of modified RVE of PLA

Figure 43. Compression test of 3x3 pattern of RVE of PLA
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Figure 44. Compression test of 3x3 pattern of modified RVE of PLA
3.4 Experimental Results and Discussions
3.4.1 Stiffness of RVE and modified RVE of Cuttlefish Bone Structure
The results from the experimental testing were analyzed to study and compare the stiffness
of different structures. The structures printed using nylon CF are very flexible compared
to their counterparts printed using PLA. Unit cells printed using nylon CF or PLA are stiffer
than 3x3 patterns. 3x3 patterns printed using nylon CF composite were tested up to a
maximum load of 1000N, whereas their counterparts printed using PLA were compression
tested beyond 1000N. The unit cell of RVE was found to be stiffer than the unit cell of
modified RVE. However, the 3x3 pattern of modified RVE was considerably stiffer than
the 3x3 pattern of RVE up to a certain load. The graph shows that the 3x3 pattern of RVE
has more yield strength than the 3x3 pattern of modified RVE. A graph was plotted between
the load and displacement obtained from the test results to understand the stiffness of
different structures, shown in Figure 45. The results of duplicate structures of PLA are
shown in Figure 46.
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Figure 45. Load vs displacement graph of different structures
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Figure 46. Load vs displacement graph of different PLA structures
3.4.2 Conclusions
The stiffness of unit cell and 3x3 pattern of RVE and modified RVE of Cuttlefish bone
structure printed using Markforged Mark Two and Creality Ender 3, 3D printer was
studied, by conducting a compression test.
Unit cells
The load vs displacement graph of both unit cells was studied. The unit cell of modified
RVE did not exhibit much stiffness than the unit cell of RVE printed using nylon CF
composite or PLA. There is a significant difference between the stiffness of both structures.
3x3 patterns of RVE and modified RVE
The graphs plotted using the test results show that the 3x3 pattern of modified RVE is
stiffer than the 3x3 pattern of RVE up to a load. From Figures 45 and 46, the curve of 3x3
pattern of RVE and curve of 3x3 pattern of modified RVE aligned with each other, between
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a range of load. However, with the further increase in load 3x3 pattern of modified RVE
did not exhibit more stiffness than the 3x3 pattern of RVE.
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CHAPTER 4 - CONCLUSIONS, RECOMMENDATIONS, AND FUTURE WORK
4.1 Flexure Properties of Nylon CF Composite
4.1.1 Effect of Fiber Orientation on Flexure Properties of CF reinforced Nylon
Composite
The composites with 0˚ CF orientation exhibited the highest flexure strength than
composites with other fiber orientations. The specimen A2 has a Flexure Modulus of
11.074 GPa which is highest among other composites with different fiber orientations. The
maximum modulus of flexure in specimen types B, C, and E is only 1.220 GPa, 1.871 GPa,
and 5.498 GPa respectively. The specimen type B with 90˚ Carbon fiber orientation has
shown relatively low flexure strength. Flexure specimen with 0⁰-fiber orientation has
shown maximum Stiffness among all other test specimens with 15ºor alternating + 45º and
- 45º or 90º fiber orientation with the same layer proximity. The flexure strength and
Stiffness of composite decreased with an increase in CF orientation.
4.1.2 Effect of CF distribution on Flexure Properties of CF reinforced Nylon
Composite.
The flexure strength increased with an increase in fiber distribution. Maximum flexure
strength was observed in composite with 3-3-layer proximity of CF. The flexure strength
of composite with 2-2-2-layer proximity or 1-1-1-1-1-1layer proximity is less than
composite with 3-3-layer proximity. Since the number of layers overlapping decreased
with an increase in fiber distribution, the flexure strength decreased. However, 3-3-layer
proximity has more flexure strength than composite with all 6-fiber layers in the middle of
the composite. Flexure specimen with 3-3 fiber-layer proximity has shown maximum
Stiffness among all other test specimens with 2-2-2-layer proximity or 1-1-1-1-1-1-layer
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proximity or 6-fiber layer proximity with same fiber orientation. The flexure strength and
Stiffness of composite increased with an increase in CF distribution.
4.2 Stiffness of Cuttlefish Bone Structure
The unit cell of RVE of Cuttlefish bone structure printed using nylon CF or PLA is stiffer
than the unit cell of modified RVE of Cuttlefish bone structure. The 3x3 pattern of modified
RVE of Cuttlefish bone structure is stiffer than the 3x3 pattern of RVE of Cuttlefish bone
structure.
4.3 Future Work
1. This study of flexure properties of nylon CF composite was only limited to 6 CF layer
reinforcements. The use of more CF layers with uniform fiber distribution would further
enhance the flexure strength of the composite.
2. Nylon is a semi-flexible tough material. The Markforged Proposed Flexure Modulus of
nylon is 0.84 GPa. The maximum Flexure Modulus obtained using 6 CF layer
reinforcements in nylon was 11.074 GPa. A different matrix material with CF layer
reinforcements would further improve flexure strength. Reinforcements such as Kevlar,
Fiber Glass with nylon matrix material would result in different flexure strengths.
3. 3x3 pattern of modified RVE of Cuttlefish bone structure was printed using nylon CF
composite and it was also printed using a different printing material PLA. Nylon is a semiflexible material, and PLA is a stiff material, the use of materials with good compression
strength would further improve its stiffness. This structure can also be studied in other
patterns like 2x2, 4x4, etc.
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APPENDICES
Appendix A: MATLAB code for the Flexure Analysis of Experimental Data
clear all
close all
clc
width = 0.495*25.4/1000; %in converted to m
thickness = .128*25.4/1000; %in converted to m
span = 0.050; %m
filename = 'A1_3.txt';
filename2 = 'A1_3';
range = 25:200;
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temp = csvread(filename,7,0);
time = temp(:,2); %sec
disp = temp(:,3)/1000; %m
disp = disp-disp(1);
force = temp(:,1); %N
area = width*thickness; %m^2
stress = 3*force*span/(2*width*thickness^2); %Pa
strain = 6*disp*thickness/(span^2); %m/m
[coeff] = polyfit(strain(range),stress(range),1);
E = coeff(1);
strain_plus = stress/E + 0.002;
for i=1:length(stress)
flip = sign(stress(i)-(E*(strain(i)-.002)+coeff(2)));
if flip ~= 1
break
end
end
yield_stress = stress(i)
yield_strain = strain(i)
figure(1)
plot(strain,stress/1e6)
axis([0 0.1 0 200])
xlabel('Strain (mm/mm)')
ylabel('Stress (MPa)')
saveas(gcf,filename2,'fig')
saveas(gcf,filename2,'jpeg')
figure(2)
plot(strain,stress/1e6,strain,(E*strain+coeff(2))/1e6,strain+.002,(E*strain+coeff(2))/1e6,st
rain(range(1)),stress(range(1))/1e6,'o',strain(range(end)),stress(range(end))/1e6,'o')
axis([0 0.1 0 200])
xlabel('Strain (mm/mm)')
ylabel('Stress (MPa)')
% axis tight
filename3 = strcat(filename2,'modulus')
saveas(gcf,filename3,'jpeg')
paste_in_Excel = [max(stress)/1e6 E/1e6 max(strain)*100 yield_stress/1e6] %output is
in MPa, MPa, %, MPa
%Modulus of Rupture, Modulus of Flexure, Max Strain, yield stress

